Introduction: Hyperproinsulinaemia has been reported in patients with type 2 diabetes. It is unclear whether this is due to an intrinsic defect in b-cell function or secondary to the increased demand on the b-cells. We investigated whether hyperproinsulinaemia is also present in patients with secondary diabetes, and whether proinsulin levels are associated with impaired b-cell area or function. Patients and methods: Thirty-three patients with and without diabetes secondary to pancreatic diseases were studied prior to pancreatic surgery. Intact and total proinsulin levels were compared with the pancreatic b-cell area and measures of insulin secretion and action. Results: Fasting concentrations of total and intact proinsulin were similar in patients with normal, impaired (including two cases of impaired fasting glucose) and diabetic glucose tolerance (PZ0.58 and PZ0.98 respectively). There were no differences in the total proinsulin/insulin or intact proinsulin/insulin ratio between the groups (PZ0.23 and PZ0.71 respectively). There was a weak inverse association between the total proinsulin/insulin ratio and pancreatic b-cell area (r
Introduction
In health, glucose homoeostasis is primarily controlled by the secretion of insulin from pancreatic b-cells (1) . About 80-90% of the total circulating insulin concentrations are derived from mature, biologically fully active, insulin (2) . In addition, a small percentage of immature insulin precursors and incomplete proinsulin cleavage products, such as intact proinsulin, des (31, 32) -proinsulin and des (64,65)-proinsulin, are being co-secreted along with mature insulin. While in healthy, non-diabetic subjects, these precursors constitute only a minor fraction of the total amount of secreted insulin, the release of proinsulin is significantly increased in patients with type 2 diabetes as well as in individuals with impaired glucose tolerance (IGT) (2) (3) (4) (5) . A couple of recent studies have also reported an increase in intact proinsulin levels in insulin-resistant individuals (6, 7) , although this finding has not been confirmed by others (8, 9) . Nevertheless, the determination of intact proinsulin as a marker for the diagnosis of insulin resistance (IR) has been widely advocated (10) .
Two major hypotheses have been expounded to explain the hyperproinsulinaemia in type 2 diabetes: some investigators have speculated that the increased release of proinsulin in such patients might result from an intrinsic defect in proinsulin processing, leading to an increased release of immature insulin precursors and thus contributing to the impairment in b-cell function in type 2 diabetes (5). Alternatively, hyperproinsulinaemia may be caused by an increased secretory demand on the b-cells, leading to depletion of the 'readily releasable' insulin granule pool and mobilisation of insulin granules from the 'reserve pool', which is thought to contain greater amounts of immature insulin precursors (11) . The latter explanation would be supported by the fact that the ratio of proinsulin over insulin was also increased in humans after a hemipancreatectomy (12) .
In order to address the aetiology of increased proinsulin release in patients with type 2 diabetes, two studies have compared the proinsulin/insulin ratios after a transient inhibition of insulin secretion aiming to induce b-cell rest (13, 14) . Both studies showed clear reductions in relative proinsulin secretion after somatostatin infusion, but only one study could demonstrate a full restoration of the proinsulin/insulin ratio to similar levels as found in non-diabetic individuals (13) . Therefore, the underlying causes for the hyperproinsulinaemia in type 2 diabetes are still elusive. Furthermore, although some studies have demonstrated an association of proinsulin/insulin ratio with various measures of insulin secretion, its relationship with b-cell mass has not yet been examined. Thus, whether this association is due to a reduction in b-cell number or a functional impairment in insulin release remains to be elucidated.
An alternative way to address whether the hyperproinsulinaemia in patients with type 2 diabetes is due to an intrinsic defect in proinsulin processing or an increased demand on the b-cells is to determine proinsulin levels in patients with diabetes due to other aetiologies than type 2 diabetes. Furthermore, by comparing proinsulin concentrations with pancreatic b-cell area and various measures of insulin secretion, it should be possible to ascribe the development of hyperinsulinaemia to defects in either b-cell mass or the functional regulation of insulin secretion.
Therefore, in the present study, total and intact proinsulin concentrations as well as various established measures of insulin secretion were determined in patients with and without diabetes secondary to pancreatic disorders immediately prior to pancreatic resections, and the fractional b-cell area was determined in the resected pancreatic tissue. By these means, we addressed the following questions: i) Do patients with diabetes due to pancreatic disorders exhibit disproportionate hyperproinsulinaemia compared to non-diabetic individuals? ii) Are increased proinsulin levels in these patients associated with defects in pancreatic b-cell area or b-cell function? iii) Do intact proinsulin levels predict IR in lean patients with and without diabetes due to pancreatic disorders?
Patients and methods

Study design
Thirty-three patients undergoing pancreatic surgery for chronic pancreatitis, benign pancreatic adenomas or papillary tumours necessitating partial pancreatectomy were studied pre-operatively. A prolonged oral glucose tolerance test as well as determinations of total and intact proinsulin levels were carried out, and the fractional b-cell area of the resected pancreas was measured. The study protocol was approved by the ethics committee of the Ruhr-University Bochum (registration number 2528). All patients provided written informed consent prior to study enrolment.
Patients
A total of 33 patients (17 males and 16 females) undergoing pancreatic resections in the Department of Surgery, St Josef-Hospital, Ruhr-University Bochum, between the years 2004 and 2007 were included. Amongst those, 17 patients had been diagnosed with chronic pancreatitis, 13 underwent surgery for the removal of benign pancreatic adenomas and 3 patients underwent partial pancreatectomy because of tumours of the ampulla of Vater. The clinical diagnoses of chronic pancreatitis, pancreatic carcinoma, pancreatic adenoma or ampullary cancer were confirmed by an independent pathologist in all cases. Diabetes was previously known in six patients (treated with insulin in four cases, glimepiride in one case and diet in one case), whereas the other patients had no history of known diabetes. A detailed description of the patient characteristics has been previously provided (15) .
Experimental procedures
The experiments were performed in the morning after an overnight fast with subjects in a supine position throughout the experiments as described (15) . All other concomitant medication was withdrawn since the evening of the preceding day. The experiments were started by the ingestion of the oral glucose load (75 g glucose in 300 ml) over 5 min, and capillary and venous blood samples were drawn at tZK5, 0, 15, 30, 60, 90, 120, 150, 180, 210 and 240 min. Capillary blood samples (w100 ml) were added to NaF (Microvette CB 300; Sarstedt, Nü mbrecht, Germany) for the immediate measurement of glucose. Venous blood was drawn into chilled tubes containing EDTA and aprotinin (Trasylol; 20 000 KIU/ml, 200 ml per 10 ml blood; Bayer AG) and kept on ice. After centrifugation at 4 8C, plasma for hormone analyses was kept frozen at K28 8C.
Measurements
Glucose was measured as described (15) using a glucose oxidase method with a Glucose Analyser 2 (Beckman Instruments, Munich, Germany).
Insulin was measured as described (15) using an insulin microparticle enzyme immunoassay (IMx Insulin, Abbott Laboratories). Cross-reactivity with proinsulin was !0.005% (16).
T G K Breuer and others EUROPEAN JOURNAL OF ENDOCRINOLOGY (2010) 163
www.eje-online.org C-peptide was measured as described (15) using an ELISA kit from DAKO Ltd, Cambrigshire, UK.
Total proinsulin concentrations were measured using an ELISA kit from DRG Instruments GmbH, Marburg, Germany. This assay measures intact human proinsulin and has 100% cross-reactivity with its major processed intermediates des (31,32)-proinsulin, and 81% crossreactivity with des (64, 65)-proinsulin, but no crossreactivity with insulin and C-peptide.
Intact proinsulin was measured using a two-site sandwich ELISA from TECO Diagnostics, Anaheim, CA, USA (17) . First, an aliquot of the patient sample is added to a microtitre plate coated with a MAB able to bind intact proinsulin, des (31,32)-proinsulin and split (32,33)-proinsulin, but not insulin, C-peptide and the other 'des' and 'split' forms. After incubation and washing of unbound antibodies, a second antibody specific for intact proinsulin, des (64,65)-proinsulin and split (65,66)-proinsulin, but without any affinity for insulin, C-peptide and the other 'des' and 'split' forms is added. The combination of these two MABs has the ability to detect exclusively intact human proinsulin.
Pancreatic tissue processing
The resected pancreatic tissue was fixed in formaldehyde and embedded in paraffin for subsequent analysis as previously described (15) . Sequential 5 mm sections were stained for insulin using a guinea pig antiinsulin antibody (DAKO # A 0564; lot no. 00001500) at 1:400 dilution and an alkaline phosphatase/RED (DAKO Real Envision Detection System, # K 5007 and # K 5005; lot no. 00025382 and lot no. 00025812 respectively) detection system.
Morphometric analysis
For the determination of the fractional b-cell areas, the entire pancreatic sections stained for insulin were imaged using a Zeiss Axioplan microscope equipped with a motorised stage 100! magnification (10! objective). A tile image of the tissue section was generated using the 'Mosaix' tool of the software Axiovision, version 4.5 (Zeiss, Göttingen, Germany). The fractional areas of the pancreas stained positive for insulin were digitally quantified using a colour-based threshold using Zeiss Axiovision software as previously described (15) .
Calculations and statistical analysis
The HOMA index of b-cell function was calculated as described (18) . The Matsuda index of insulin sensitivity was calculated from the insulin and glucose concentrations during the oral glucose tolerance test as described (19) . Furthermore, an oral disposition index (DIo) was calculated from the product of the incremental insulin secretion (change in insulin divided by the change in glucose from 0 to 30 min (D I0-30 /D G0-30 )) and the insulin sensitivity (estimated as 1/fasting insulin), as recently described (20) .
Subject characteristics are reported as meanGS.D., and results are presented as meanGS.E.M. Comparisons of continuous variables were carried out by ANOVA, followed by Duncan's post hoc test using GraphPad Prism, version 4.0. Correlation analyses were carried out using linear or non-linear regression functions.
Results
Differences between the patient groups
Fasting glucose concentrations were 90.4G2.3 mg/dl (5.01G0.13 mmol/l) in individuals with normal glucose tolerance (NGT), 87.8G4.3 mg/dl (4.87 G0.24 mmol/l) in patients with impaired fasting glucose (IFG) and/or IGT and 112.7G8.0 mg/dl (6.25 G0.44 mmol/l) in patients with diabetes (P!0.01). The corresponding insulin levels were 35.0G5.1, 36.0G7.4 and 36.9G4.3 pmol/l respectively (PZ0.98). The insulin/glucose ratio as well as the C-peptide/glucose ratio 15 min after oral glucose ingestion was significantly reduced in patients with diabetes (P!0.05). The DIo was significantly reduced in patients with type 2 diabetes (0.017G0.006) compared with those with IFG/IGT (0.093G0.013) and controls (0.072G0.008; P!0.0001).
Fasting concentrations of total proinsulin were 8.0 G2.4 pmol/l in patients with NGT, 7.9G1.7 pmol/l in patients with IFG/IGT and 10.8G2.8 pmol/l in patients with overt diabetes (PZ0.58; Fig. 1 ). Fasting levels of Relationship between proinsulin and b-cell area and function
In order to address whether hyperproinsulinaemia is associated with a reduction in the number of pancreatic b-cells, linear regression analyses were performed. There was only a weak inverse association between the total proinsulin/insulin ratio and the fractional pancreatic b-cell area (r 2 Z0.14, PZ0.032), whereas the intact proinsulin/insulin ratio and the absolute fasting concentrations of both intact and total proinsulin were completely unrelated to b-cell area (Fig. 2) . In a similar fashion, there was no significant association between the increment in insulin secretion after oral glucose ingestion (D I0-30 /D G0-30 ) or the DIo and the total and intact proinsulin levels or the proinsulin/insulin ratios (details not shown). However, a strong inverse relationship between the HOMA index of b-cell function and the total proinsulin/insulin ratio and the intact proinsulin/insulin ratio was found (Fig. 3) .
Relationship between proinsulin and IR
HOMA index of IR was 1.32G0.2 in normal glucosetolerant patients, 1.28G0.26 in IFG/IGT patients and 1.71G0.25 in patients with diabetes (PZ0.41). Likewise, the Matsuda index did not reveal significant differences in insulin sensitivity between the groups (8.6G1.8, 8.2G1.1 and 6.8G0.9 respectively, PZ0.56). There was an inverse linear association between the Matsuda index for insulin sensitivity and the total and intact proinsulin concentrations. In contrast, the ratio of intact proinsulin over insulin was positively related with the Matsuda index, suggesting a smaller percentage of intact proinsulin with increasing IR. Similar associations were found for the HOMA index of IR, although statistical significance was only reached for the association with total proinsulin concentrations as well as the ratio of intact proinsulin over insulin. In contrast, there was a tight association between the fasting insulin levels and both the HOMA index of IR and the Matsuda index (r 2 Z0.71 and r 2 Z0.65 respectively, Figs 4 and 5). The total proinsulin/insulin ratio increased with higher fasting glucose concentrations (r 2 Z0.25, P!0.01), but there was no significant relationship between fasting glucose levels and the intact proinsulin/insulin ratio or the absolute concentrations of total or intact proinsulin (details not shown). 
Discussion
A reduction in b-cell mass leading to insufficient insulin secretion has been increasingly recognised as an underlying cause of diabetes (21) (22) (23) (24) (25) (26) . Furthermore, increased concentrations of both total and intact proinsulin have been associated with impairments in insulin secretion and action (2, 5, 7) , but the relationship with pancreatic b-cell area has not yet been examined. The present study demonstrates that i) patients with diabetes secondary to pancreatic disorders are not characterised by either absolute or relative hyperproinsulinaemia, ii) increased proinsulin levels are associated with declining b-cell function, as measured by the HOMA index, rather than diminished pancreatic b-cell area and iii) there is only a weak positive association between IR and absolute proinsulin levels.
The patients included in this study differ from those examined previously with respect to proinsulin processing in many ways: in fact, most previous investigations in this area have been carried out in patients with type 2 diabetes, obese subjects as well as in individuals at high risk for type 2 diabetes (such as first-degree relatives) (2) (3) (4) 27) . In contrast, the presently examined patients were characterised by pancreatic diseases necessitating pancreatic surgery. Furthermore, only 2 out of the 11 patients with overt diabetes studied herein had a first-degree relative with type 2 diabetes, and the mean BMI of 24.1 kg/m 2 was much lower than typically found in patients with type 2 diabetes. Thus, the aetiology of hyperglycaemia in these patients is best described as 'pancreatic diabetes' (28) , although the concomitant presence of type 2 diabetes cannot be fully ruled out due to the absence of clear diagnostic criteria. Therefore, it is important to bear in mind that the patients studied herein were rather heterogeneous regarding the aetiologies of hyperglycaemia, meaning that the results obtained are probably not representative of patients with type 2 diabetes.
A number of previous studies have reported elevated absolute proinsulin levels as well as disproportionate hyperproinsulinaemia in patients with type 2 diabetes (3, 29) . Based on these findings, some authors have suggested a primary defect in proinsulin processing in the pathogenesis of type 2 diabetes (5). In contrast, the finding that a hemipancreatectomy also results in increased proinsulin levels in otherwise healthy humans has supported the alternative postulate that the hyperproinsulinaemia secondarily results from an increased secretory demand on the b-cells (12) . The relatively normal proinsulin levels in this group of patients with diabetes secondary to pancreatic disorders tend to support the concept of a primary defect in proinsulin processing in the pathogenesis of type 2 diabetes. However, on a cautionary note, the fasting glucose concentrations in this group of diabetic patients were relatively low, meaning that the secretory demand on the b-cells might have still been too low to cause an increased release of proinsulin. In line with this, there was a significant association between fasting glycaemia and the total proinsulin/insulin ratio. Thus, even though this study might suggest differences with regards to proinsulin processing between patients with diabetes secondary to pancreatic disorders and patients with typical type 2 diabetes, it still emphasises the importance of hyperglycaemia in this process. Although IR clearly increases the individual risk for the development of diabetes (30, 31) , pancreatic b-cell mass has been increasingly recognised as an important mechanism for the development of diabetes (32) . Biomarkers or, ideally, direct imaging tools for the determination of b-cell mass are therefore critically needed. We have previously demonstrated that various indices of insulin secretion (e.g. a C-peptide/glucose ratio after oral glucose ingestion) can predict pancreatic b-cell area to a reasonable extent (15) . Because hyperproinsulinaemia has been reported in patients with type 2 diabetes, it was of interest to examine whether proinsulin levels or the proinsulin/insulin ratio would be related to the fractional b-cell area of the pancreas as well. However, although the association between the total proinsulin/insulin ratio with the pancreatic b-cell area was formally significant, the observed associations were generally weak and insufficient to allow for a valid prediction of b-cell mass based on circulating proinsulin levels. In contrast, the ratios of both total and intact proinsulin were inversely related to the HOMA index of b-cell function, suggesting an increased release of proinsulin with declining b-cell function. Thus, hyperproinsulinaemia seems to be associated with diminished b-cell function rather than a reduction in b-cell mass. This view is in line with the previous observation that the proinsulin/insulin ratio can be significantly improved after a short-term inhibition of insulin release using somatostatin (13, 14) .
The present results may also give rise to reconsideration of the use of the proinsulin/insulin ratio as a surrogate marker of b-cell function and mass in clinical trials. Indeed, a relative reduction in proinsulin levels has been reported after both dietary (33) and pharmacological interventions with metformin (34), thiazolidinediones (35), DPP-4 inhibitors (36) and GLP-1 analogues (37), whereas sulphonylureas have been associated with an increased proinsulin release (38) . The results of this study suggest that a lower proinsulin/insulin ratio may be indicative of an improvement in HOMA index of b-cell function, but its usefulness for the assessment of b-cell mass is likely to be negligible. Furthermore, it should be noted that the HOMA index of b-cell function only allows for some conclusions regarding the release of insulin in the fasting state, but has little predictive value for the overall capacity of insulin secretion upon glucose stimulation (39) . In line with this, hyperproinsulinaemia in this study was also largely unrelated to the insulin secretory responses after oral glucose ingestion. Therefore, the assessment of the proinsulin/insulin ratio in clinical trials seems to offer limited additional value over the information gained from the determination of the HOMA index. Finally, it should be noted that both the proinsulin/insulin ratio and the HOMA index of b-cell function are likely to yield invalid estimates of b-cell function when determined during ongoing treatment with insulin secretagogues and without a prior drug washout.
A positive relationship between intact proinsulin levels and IR has been suggested in some, but not all, previous studies (6, 7, 40) . Consistent with this, the absolute concentrations of both total and intact proinsulin were positively associated with the HOMA index of IR and negatively related to the Matsuda index of insulin sensitivity. However, the relative ratio of intact proinsulin over insulin followed an even opposite relationship with insulin sensitivity, suggesting that the generally greater secretion of insulin rather than a disproportionate release of intact proinsulin was the driving force underlying this relationship. In agreement with this, the associations between fasting insulin levels and both the Matsuda index of insulin sensitivity and the HOMA index of IR were much closer than those observed for the proinsulin-based parameters. Thus, in this group of patients, the determination of intact proinsulin does not appear to be a meaningful predictor of IR. Instead, the simple measurement of fasting insulin concentrations might allow for a greater gain of information regarding the degree of insulin sensitivity.
In conclusion, in this group of lean patients with and without pancreatic diabetes, hyperproinsulinaemia was associated with functional defects in insulin secretion rather than a reduction in b-cell mass. The lack of disproportionate hyperproinsulinaemia in patients with diabetes secondary to pancreatic disorders might support the idea of an inherent defect in proinsulin processing in type 2 diabetes. Furthermore, the weak association between intact proinsulin and IR in these patients argues against the usefulness of this parameter for the clinical estimation of IR.
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